Magnetoresistive spin valve sensors based on the giant-(GMR) and tunnelling-(TMR) magnetoresisitve effect with a flux-closed vortex state free layer design are compared by means of sensitivity and low frequency noise. The vortex state free layer enables high saturation fields with negligible hysteresis, making it attractive for applications with a high dynamic range. The measured GMR devices comprise lower pink noise and better linearity in resistance but are less sensitive to external magnetic fields than TMR sensors. The results show a comparable detectivity at low frequencies and a better performance of the TMR minimum detectable field at frequencies in the white noise limit.
I. INTRODUCTION
Magnetoresistive sensors have a great significance in industry. They are utilized in a vast spectrum of applications such as compass-, biomedical-, automotive-and aerospace applications [1] [2] [3] [4] . The most prominent sensor design is the spin valve principle with a basic common structure of two adjacent magnetic layers separated by a spacer layer. One magnetic layer has a pinned magnetisation (further referred to as pinned layer) whereas the other one changes its total magnetisation in external magnetic fields (further referred to as free layer). The electric resistance depends on the relative angle of magnetisation between the magnetic layers. Recently, a new sensor concept with a circular shaped free layer was suggested [5] . Due to the shape, material properties and a certain relation of thickness to diameter a flux-closed vortex magnetisation state forms when small or no external fields are applied. Magnetoresistive spin valve sensors operated in a magnetic vortex configuration show negligible hysteresis while saturating at high magnetic field [6] . These properties make them very attractive for linear current sensors or position sensors with the need for a high dynamic range and accuracy, since the latter is limited by hysteresis [7, 8] . Other examples are wheel speed or angle sensing applications [9, 10] where this principle could facilitate the mechanical adjustment as well as enabling more freedom setting the working point. This paper focuses on the comparison of giant magnetoresistive (GMR) and tunnelling magnetoresistive (TMR) devices exploiting the vortex free layer design. The devices consist of a similar element arrangement and magnetic layer properties to study the sensitivity and low frequency noise. These parameters are determining the detectivity, a frequency dependent parameter giving the minimum detectable field to compare the measured devices.
II. THEORETICAL MODEL A. Noise Model
Thermal noise is present in any dissipative structure arising from the random motions of the charge carriers [11] . The thermal noise term can be described as frequency independent voltage noise power S 2 V with the Nyquist formula containing the temperature in Kelvin, Boltzmann's constant k B and the total resistance R:
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As soon as a DC current is applied on a resistive medium, 1/f -noise, also known as pink noise, arises [11] [12] [13] [14] . In case of a magnetoresistive (MR) element, pink noise is described as the result of interactions from the charge carriers with defects and domain fluctuations in the magnetic layers. The pink noise term decreases with the frequency f and is proportional to the squared current I:
This noise arises from a statistical process, meaning the factor α from (2) is decreasing with increasing sensor area [15] [16] [17] [18] [19] . Therefore it can be splitted intoα/N A, with A being the area of one sensitive element and N the number of elements connected in series. Since both noise parts are arising from different physical processes and are therefore uncorrelated, the contributions can be summed up to the total frequency dependent noise power for the theoretical description of the GMR sensor:
In case of a biased TMR sensor an additional shot noise term has to be taken into account. Shot noise arises because the charge carriers are quantised at a potential barrier, leading to random arrival times [11, 20] . The thermal assisted barrier crossing is therefore superimposed by a field-assisted barrier crossing of the charge carriers [21] . It is commonly expressed as a combination of Nyquist-and shot noise [18, 22, 23] giving the total noise of magnetic tunnel junctions (MTJ) connected in series:
The first term results in Nyquist formula if eV k B T or full shot noise of 2eV R for the case eV k B T , taking into account the serially connected devices [18, 22, 24] . This term may not be suitable for all TMR structures and therefore a Fano factor is often introduced [15] to compensate deviations. Due to frequency limitations of the measurements to 10 kHz, the shot noise limit is not visible. Therefore the validity of equation (5) is assumed for all TMR noise calculations.
B. Transfer Curve and Sensitivity
In contrast to anisotropy pinned free layer designs, the transfer curve of vortex-state free layer sensors is characterized by a nucleation (H n ) and annihilation (H an ) field (see Fig. 1 ). Annihilation arises from the extinction of the vortex core in strong magnetic fields to increase the average magnetisation component towards the external field, stabilizing in a single domain state. This is the sensors saturation state, present until the external field decreases to the nucleation field where a stable vortex magnetisation with negligible hysteresis is formed. The hysteretic behaviour between nucleation and annihilation point as well as its dependence on the material properties is studied in detail by Wurft et al. [6] using micromagnetic simulations. The analytical "rigid" vortex model, extensively described in [25] [26] [27] , assumes a fixed circular vortex spin structure which shifts in respect to the disc center when magnetic fields are applied. This shift of the vortex core leads to an increasing area where the magnetisation of the free layer is either parallel or antiparallel to the magnetisation of the pinned layer, depending on the direction of the external field. The movement of the vortex center as a response to external magnetic fields is isotropic for the lateral dimensions [25] , but in this context external applied fields are aligned parallel or antiparallel with the magnetisation of the pinned layer. The MR effect is defined in spin valve systems as
The sensitivity is related to the magnetic stiffness of the free layer, dependent on the aspect ratio β = t/D with the thickness t and the diameter D of the vortex state free layer. The normalised sensitivity γ R,G is calculated by the derivative of the resistance or conductance with respect to the change in applied field strength:
R 0 is the resistance and G 0 the conductance of the sensor at zero external field. In TMR devices, the conductance is in first order linear with the cosine of the relative angle between the pinned and free layer magnetisations. The detectivity D describes the minimum detectable field [24, 28] and is given as the sensors voltage noise divided by the voltage dependent sensitivity. It is commonly used to compare different sensors:
III. SAMPLE PREPARATION AND MEASUREMENT SET-UP
The pinned layers consist of a physical vapour deposited (PVD) antiferromagnetically coupled CoFe/Ru/CoFe stack with a PtMn pinning layer. In case of GMR, copper is used as spacer layer, TMR has a MgO barrier instead. In both cases the free layer has a cylindrical shape pattered by photolithography and ion beam etching. It has a thickness of 80 nm and is made of a cobalt-iron based alloy. All samples consist of an array with ten elements connected in series. In GMR the current is in plane with the element contacted at the bottom. In TMR the current is perpendicular to plane with the contacts above and below the magnetic layers. The resistance measurements were performed in a
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calibrated electromagnet. For the noise measurements the DUT is supplied by a battery. An ultra low noise amplifier [29] is used with a lock-in amplifier to obtain the frequency resolved noise amplitudes. To avoid destruction through Joule heating or a breakdown of the barrier, the sensors were biased with not more than 37 mV(500 µA) in case of GMR or a junction voltage of 300 mV j for TMR respectively.
IV. MEASUREMENTS AND RESULTS

A. Field Measurements
TMR and GMR samples with different free layer diameters have been investigated. The resistance parameters are given in Table I , the transfer characteristic for all sensors are shown in Figure 2 . Hysteresis is only present if the annihilation field of the vortex core is reached and a single domain state of the free layer is forming (Figure 2 major loops) . If the vortex is present, i.e. the field remains smaller than the annihilation field, hysteresis is negligible (Figure 2 minor loops). The "rigid" vortex model predicts a decreasing sensitivity with increasing aspect-ratio β = t/D. As can be seen in the measurements, a doubling of the diameter D decreases H an , and therefore, increases the sensitivity γ R,G .
B. Noise Measurements
The frequency dependent noise measurements are shown in Figure 3 and 4 for devices with 1 µm and 2 µm free layer diameter. The measured signal is clearly above the noise floor of the ULNA and induced disturbances (black dashed lines in Fig. 4) . The theoretical curves (colored lines) are fitted to the measurements (dots) with equations (4) and (5) for GMR and TMR sensors, respectively. The fit includes the amplifier noise, the thermal and shot noise level as well as the pink noise with the empirical noise parameterα, which is the only fit parameter. Bumps observed in the TMR noise spectra, leading to a deviation of the fit curves to the measurement, may be attributed to random telegraph noise (RTN) as also reported in [30] . As extracted from the fitted curves, the TMR samples exhibit a noise parameterα higher by a factor of 300 compared to the GMR samples. The high pink noise contribution in TMR is shifting the corner frequency (between 1/f and white noise floor) out of the measurement range. Therefore only pink noise contributions are visible. Although the noise parameterα is normalised to the sensors area, it is roughly a factor of two between diameter of 1 µm and 2 µm for both GMR and TMR devices. This is attributed to the magnetic stiffness of the free layer, increasing with the parameter β as can also be seen in the annihilation field H an . As the TMR is decreasing with higher supply voltage, the noise parameterα is reduced as well. This behaviour of the noise parameter is also discussed in [30, 31] . Figure 5 shows the bias voltage dependence of the TMR and α. Trends for the correlation of the noise parameterα with the resistance area product and the TMR effect are given in [15] and [32] . The values from the literature are in good agreement with the measurements. As this effect is not present in GMR sensors, the noise parameter is constant.
C. Detectivity Comparison
The detectivity comparison is shown in Figure 6 . It is calculated using equation (8) with the obtained parameters from the fitted noise data in Figures 3 and 4 . The plotted areas indicate the detectivity obtained from the measured array configuration of 10 serially connected devices, considering all applicable supply voltages as described in section III. The plot is divided into region A, where the detectivity is obtained from the fitted noise measurements, and region B, an extrapolation using the formulas (4) and (5) for white and pink noise contributions. A higher supply voltage is generally improving the detectivity in the high frequency regime for GMR and TMR sensors, as also observed in literature [33] . The detectivity in this regime is proportional to the sensitivity γ × V which is improved at a larger bias. But since the TMR effect as well as the sensitivity and noise parameter of the TMR are decreasing with the supply voltage, the shapes differ to areas obtained by the GMR sensors. The same free layer diameter leads to roughly the same detectivity level in the low frequency range where flicker noise is dominant. Even though the noise parameterα T M R ∼ 300 ×α GM R , the TMR sensor has the same detection limit in the low frequency regime and clearly wins in the high frequency regime considering white and pink noise contributions. The TMR sensors have a better detectivity performance at higher frequencies due to the better sensitivity while having only a 1.5 times larger noise floor when considering shot and thermal noise contributions as given in equation (5) . The low frequency detectivity is roughly on the same level for GMR and TMR sensors with the same area. At 10 Hz, as the white noise becomes dominant, the curves as well as the sensitivity of resistance (γR) and the sensitivity of conductance (γG) calculated using equation (7) .
are splitting up. The knee between pink and white noise contributions is dependent on design parameters like resistance, area or bias voltage. For practical applications, the corner frequency can be at 1 kHz or even higher [28] . One possible interpretation for the dependence of the low frequency detectivity on the sensors area is a magnetic origin of the pink noise as also stated in [34] . A derivation by Egelhoff et al. [18] for MTJ's shows the independence of the detectivity on the magnetoresistive effect and bias voltage for pink magnetic noise. 
V. CONCLUSION AND OUTLOOK
In this work giant-and tunnelling magnetoresistive spin valve sensors with a magnetic vortex state free layer disk were compared. All samples were based on the same free layer thickness, free layer material and had the same amount of active elements or junctions connected in series, leading to comparable sensor properties. The broad linear range is given by the annihilation field of the magnetic vortex state, dependent on the ratio of thickness to diameter. Compared to the GMR sensors, the noise parameterα of the TMR sensors is 300 times higher. Yet the TMR sensors show a lower detection limit at frequencies where white noise is dominant. This is attributed to the high TMR sensitivity. The detectivity can be improved by using higher supply voltages, despite the fact of a thereby decreasing sensitivity in TMR sensors. The same free layer diameter leads to roughly the same detectivity level in the low frequency range where for GMR as well as TMR sensors pink noise is dominant. This suggests that the noise in the low frequency regime is dominated by magnetic contributions, because magnetic pink noise is not dependent on the MR effect or the bias voltage but on the active sensor area. The next-stage work will be a study on segregated electric and magnetic noise contributions in vortex-state free layer devices.
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